By exploiting Coulomb dissociation of high-energy radioactive beams of the neutron-rich nuclei [129][130][131][132] Sn and 133,134 Sb, their dipole-strength distributions have been measured. A sizable fraction of "pygmy" dipole strength, energetically located below the giant dipole resonance, is observed in all of these nuclei. A comparison with available pygmy resonance data in stable nuclei ( 208 Pb and N = 82 isotones) indicates a trend of strength increasing with the proton-to-neutron asymmetry. On theoretical grounds, employing the RQRPA approach, a one-to-one correlation is found between the pygmy strength and parameters describing the density dependence of the nuclear symmetry energy, and in turn with the thicknesses of the neutron skins. On this basis, by using the experimental pygmy strength, parameters of the nuclear symmetry energy (a 4 = 32.0 ± 1. The neutron root-mean-square (rms) radii of nuclei are fundamental quantities which are difficult to measure in a model-free way [1] and are, therefore, known only for few cases and with relatively poor accuracy [2] [3] [4] . This fact is particularly cumbersome since neutron rms radii belong to the few laboratory data that can be used to constrain the isospin-asymmetric part of the equation of state of nuclear matter [5] [6] [7] , which in turn is closely related, e.g., to the radii of such exotic objects as neutron stars. Neutron skins in heavy nuclei and the crust of neutron stars are both built from neutron-rich nuclear matter and one-to-one correlations were drawn between neutron-skin thicknesses in nuclei [8] [9] [10] and specific properties of neutron stars. In a recent paper, Piekarewicz [11] pointed out that the experimentally observed "pygmy" dipole (E1) strength [12] might play an equivalent role as the neutron rms radius in constraining the nuclear symmetry energy. Excess neutrons forming the skin give rise to pygmy dipole transitions at excitation energies below the giant dipole resonance; to which extent such transitions represent a collective vibration of excess neutrons against an isospinsymmetric core is theoretically under discussion yet [13] [14] [15] [16] .
The neutron root-mean-square (rms) radii of nuclei are fundamental quantities which are difficult to measure in a model-free way [1] and are, therefore, known only for few cases and with relatively poor accuracy [2] [3] [4] . This fact is particularly cumbersome since neutron rms radii belong to the few laboratory data that can be used to constrain the isospin-asymmetric part of the equation of state of nuclear matter [5] [6] [7] , which in turn is closely related, e.g., to the radii of such exotic objects as neutron stars. Neutron skins in heavy nuclei and the crust of neutron stars are both built from neutron-rich nuclear matter and one-to-one correlations were drawn between neutron-skin thicknesses in nuclei [8] [9] [10] and specific properties of neutron stars. In a recent paper, Piekarewicz [11] pointed out that the experimentally observed "pygmy" dipole (E1) strength [12] might play an equivalent role as the neutron rms radius in constraining the nuclear symmetry energy. Excess neutrons forming the skin give rise to pygmy dipole transitions at excitation energies below the giant dipole resonance; to which extent such transitions represent a collective vibration of excess neutrons against an isospinsymmetric core is theoretically under discussion yet [13] [14] [15] [16] .
Experimental evidence for pygmy dipole resonances (PDR) is still rather scarce. In an earlier paper [12] , we reported on low-lying E1 strength observed in the exotic nuclei 130, 132 Sn exhausting a few percent of the energy-weighted ThomasReiche-Kuhn (TRK) sum rule. Stable N = 82 isotones and 208 Pb investigated in (γ, γ ) reactions [17] [18] [19] display a concentration of dipole strength below the neutron-separation threshold, absorbing, however, a much smaller fraction of the TRK sum rule.
In the first part of this Rapid Communication we present new experimental data for the unstable isotopes 129,131 Sn and 133,134 Sb obtained from the same measurement as in [12] and provide a comparison to the data from the real-photon scattering experiments with stable nuclei. In the second part, supported by calculations within the relativistic HartreeBogoliubov (RHB) model and relativistic quasiparticle random phase approximation (RQRPA) model, we focus on constraining parameters describing the symmetry energy S(ρ) and eventually extract neutron-skin thicknesses in even-even isotopes 130, 132 Sn and 208 Pb. We only very briefly describe the experimental approach and data analysis as the procedures are identical to those outlined in [12] .
A beam of 238 U ions was accelerated to a kinetic energy of 550 MeV/nucleon in the SIS-18 synchrotron at GSI, Darmstadt, and secondary radioactive ions were produced by fission in a Be target. Fission products with a mass-to-charge ratio around that of 132 Sn were separated in flight from the primary beam and from other reaction products in the fragment separator FRS and were transported to the experimental area hosting the LAND setup. There, incident ions were identified event-by-event by means of energy loss, time-of-flight, and magnetic-rigidity measurements. The projectiles then passed through a nat Pb target where the predominant reaction process is that of electromagnetic ("Coulomb") dipole excitations to states of relatively high excitation energies which subsequently decay by neutron and γ -ray emission. The excitation energy E of the projectiles was reconstructed in an invariant-mass analysis using the four-momenta measured with nearly full geometrical acceptance and high efficiency for all decay products, i.e., the heavy residual nucleus, the neutrons, and the γ -rays. For excitation energies E just above the neutron separation threshold, relevant in the present context, a resolution of σ E ≈ 1 MeV is achieved. After applying corrections for instrumental background (deduced from a measurement without target) and after subtracting contributions from nuclear reactions (deduced from a measurement with a carbon target) the energy-differential Coulomb cross sections were obtained. Finally, subtracting small contributions from quadrupole excitations, the Coulomb cross sections could readily be converted into dipole-strength distributions or photoabsorption cross sections by means of the virtual photon method, based on the semiclassical approximation described in [20, 21] . Data with sufficient counting statistics could be accumulated for the isotopes 129, 130, 131, 132 Sn and 133,134 Sb. The main emphasis of the present Rapid Communication is on quantifying the energetically low-lying dipole strength in excess of that of the giant dipole resonance (GDR). In heavy spherical nuclei, the photoabsorption cross section for the GDR can be well described by a single Lorentzian distribution, the parameters of which vary only very smoothly with proton and neutron number. From our previous analysis for 130, 132 Sn [12] , the parameters of the Lorentzian distribution were found to be consistent with those known from systematics of stable nuclei (see, e.g., [22, 23] ). We thus chose a Lorentzian parametrization for all the isotopes under consideration (resonance energy E o = 15.5 MeV, width = 4.7 MeV, photoabsorption cross section integrated up to 25 MeV σ γ = 2150 ± 140 mb MeV). Finally, the parametrized GDR strength distribution was convoluted with the detector response function and subtracted from the experimental distribution. Figure 1 displays the remaining dipole strengths and Table I lists the corresponding integrated values.
As can be seen from Fig. 1 , additional low-lying strength appears in all isotopes studied. Distributions for isotopes with odd neutron numbers seem to extend toward lower excitation energies. It should be noted, however, that the experimental data cover excitation energies only above the one-neutron separation energy S n , which is significantly higher in case of even neutron numbers in comparison to odd neutron numbers, see Table I . Figure 2 contrasts the present results with experimental data obtained on stable nuclei available from the literature. Pygmy dipole-strength data are reported for stable N = 82 isotones [17, 18] , for 116,124 Sn [24] and for 208 Pb [19] . These stable nuclei were investigated using (γ, γ ) reactions and B(E1) distributions were extracted for excited states below the one-neutron separation energy. A number of such measurements reported on the observation of pygmy dipole strength at excitation energies in the interval from 5 to 9 MeV. The E1 distributions for these nuclei above the one-neutron separation threshold which can be derived from experimental photoneutron cross sections (see the data compilation provided in [22] ), however, show no evidence for additional pygmy strength. The photoneutron cross sections are almost perfectly fitted by a single Lorentzian distribution. The data for stable nuclei shown in Fig. 2 can thus be considered as the full pygmy dipole strength. Since the one-neutron separation energies for the isotopes of odd neutron number investigated here are rather low, around 5 MeV or below, the derived pygmy strength can be directly compared to that of the stable nuclei. In case of the unstable nuclei with even neutron number ( 130,132 Sn, 133 Sb) having a higher neutron separation energy, the low-energy part of the pygmy strength might be missed. Nevertheless, Fig. 2 exhibits a clear trend of pygmy dipole strength increasing with the neutron-proton asymmetry α = (N − Z)/A; actually, the data are plotted as a function of α 2 that governs the symmetry energy in finite nuclei, see Eq. (1) below. The appearance of a sizable pygmy strength only above a certain value of α may be not unexpected. The Coulomb force counteracts to some extent the driving force of the symmetry energy toward formation of a neutron skin to which the pygmy strength is related, see the discussion below.
Inspired by this observation, we now turn to the issue of the relation between observed pygmy strength and the symmetry energy in the nuclear equation of state. The PDR is related to a neutron excess giving rise to a neutron skin. It is well un- [17] [18] [19] 24] . The dashed line serves to guide the eye.
051603-2

RAPID COMMUNICATIONS
NUCLEAR SYMMETRY ENERGY AND NEUTRON SKINS . . . PHYSICAL REVIEW C 76, 051603(R) (2007) derstood that the formation of the neutron skin is governed by the density dependence of the nuclear symmetry energy [5] [6] [7] . Using the lowest terms in a Taylor expansion of the energy per nucleon in asymmetric nuclear matter in terms of the density ρ and the asymmetry parameter α = (N − Z)/A we obtain
with the symmetry energy term S 2 parametrized by
where ρ o denotes the saturation density. Evidently, a 4 is equivalent to the symmetry energy in pure neutron matter and p o to the symmetry energy pressure, both at saturation density. In various relativistic and nonrelativistic mean-field model parametrizations, the neutron-skin thickness for a given nucleus is practically linearly correlated with both a 4 and p o [6, 25] ; thus the two parameters are strongly correlated with each other. The various mean-field calculations nevertheless may result in very different neutron skins for a particular nucleus, e.g., 208 Pb. In the following we will show that a given class of mean-field calculations reveal as well a practically linear correlation between the pygmy strength and the neutron-skin thickness in a given nucleus, and thus, also with the symmetry energy parameters.
For this purpose, we have carried out a series of fully self-consistent RHB model [26] plus RQRPA [14] calculations of ground-state properties and dipole strength distributions. A set of density-dependent meson-exchange (DD-ME) effective interactions [27] has been used, for which the parameter a 4 is systematically varied in the interval 30 MeV a 4 38 MeV in steps of 2 MeV, while the remaining parameters are adjusted to accurately reproduce nuclear matter properties (the binding energy, the saturation density, the compression modulus, and the volume asymmetry) and the binding energies and charge radii of a standard set of spherical nuclei [27] . For open-shell nuclei, pairing correlations are also included in the RHB+RQRPA framework and described by the pairing part of the Gogny force. The consistent calculation of groundstate properties and dipole strength distributions, using the same effective interaction, provides a direct relation between symmetry energy parameters and the predicted size of the neutron skin and the pygmy strength such as shown for 130,132 Sn in Fig. 3 .
In a first step, we inspected the correlation of the neutronskin thickness in 208 Pb with the a 4 and p o parameters, the latter extracted from the density dependence of the symmetry energy around saturation density. We observe an almost linear correlation in both cases and, moreover, these correlations perfectly match the systematics from other mean-field calculations shown in Figs. 7 and 11 of [6] .
In a second step, the calculated B(E1) distributions for 130, 132 Sn resulting from the different DD-ME parametrizations were analyzed. In all cases, strength accumulations are found below and clearly separated from the GDR spanning up to 11 MeV excitation energy. The structure of the low-lying states exhibits quite a substantial degree of collectivity due to transitions which involve mainly neutrons from weakly bound orbits. In particular, from the RQRPA calculations for 132 Sn we observe for the two largest states at 7.75 MeV and 8.59 MeV that 10 and 13 neutron transitions contribute with more than 0.1% to the total RQRPA amplitudes, respectively. In the case of 130 Sn, the collectivity of the low-energy states becomes enhanced further more due to the opening of the neutron shell and the increased number of two-quasiparticle configurations which contribute to the low-lying states. For the relevant states at 7.97 MeV and 8.79 MeV, in total 15 and 32 neutron two-quasiparticle configurations participate, respectively, with more than 0.1% in the RQRPA amplitudes. In the case of both Sn isotopes, for each low-energy state the share of neutron transitions amounts to at least 90% of the RQRPA amplitudes while proton transitions contribute to 3-10% only.
In Fig. 1 , the B(E1) strength calculated with the particular choice of a 4 = 32 MeV is convoluted with the detector response function and then compared with the experimental data. The centroid of the calculated distribution is shifted by about one MeV compared to the measured one. In Fig. 3 (upper panels), the calculated B(E1) strength is integrated up to 11 MeV and, divided by that of the GDR, is shown as a function of a 4 . By comparing the experimental values of the B(E1) ratio with that of the RQRPA calculations, the symmetry energy parameters were fixed. An average value ofā 4 = 32.0 ± 1.8 MeV was obtained from the 130, 132 Sn analysis, which is in good agreement with considerations presented in [27] . From the a 4 versus p o correlation revealed in the RQRPA calculation, see above, we deducedp o = 2.3 ± 0.8 MeV/fm 3 . The results forā 4 andp o can be confirmed by performing similar RQRPA calculations for 208 Pb and comparing them with the ratio of PDR strength measured in [19] to the GDR strength from [28] ; the value a 4 = 31 MeV deduced from these 208 Pb data is consistent with the one obtained for the Sn isotopes. [11, 29] are shown as lines.
Finally, using the above averageā 4 value, neutron-skin thicknesses of 0.23 ± 0.04 fm and of 0.24 ± 0.04 fm for 130 Sn and 132 Sn, respectively, were derived, see bottom panels in Fig. 3 . As shown in Fig. 4 , these values follow a trend established by a measurement of the stable Sn isotopes [4] . The same procedure applied to the 208 Pb nucleus gives a neutron-skin thickness of R n − R p = 0.18 ± 0.035 fm for 208 Pb in accord with independent measurements which, however, scatter widely [3] . A neutron-skin thickness in 208 Pb of 0.17 fm was deduced from a new analysis of proton elastic scattering data in Ref. [31] .
Since the neutron skins in heavy nuclei and the crust of a neutron star are both built from neutron-rich matter, frequently "data-to-data" relations between skin thicknesses, e.g., that of 208 Pb or 132 Sn, and neutron star properties are discussed in the literature. Neutron star properties such as their radii, the transition density ρ c from the solid crust to the liquid interior, or the equilibrium proton fraction as function of baryon density are linked to the neutron skin in nuclei. A detailed analysis of this aspect goes beyond the scope of the present paper. We note, however, that our analysis for 208 Pb favors the "small neutronskin" option of [9] which excludes a direct URCA process and calls for exotic states of matter to provide enhanced cooling of neutron stars. As another example, an almost linear correlation between the critical transition density ρ c in a neutron star and R n − R p in 208 Pb is shown in Fig. 1 of Ref. [8] . Using this relation, from our value deduced above for the neutron skin in 208 Pb one obtains ρ c ≈ 0.09 fm −3 . This context shows that PDR-strength distributions measured in the laboratory may help understanding the physics of exotic objects in the universe.
In summary, experimental data on pygmy dipole strength distributions exhibit a correlation with the degree of neutronproton asymmetry in nuclei. Comparing the measured strength to that obtained within a relativistic mean-field approach, parameters describing therein the nuclear symmetry energy can be constrained and, in turn, neutron-skin thicknesses can be deduced. We are aware that further systematic microscopic model calculations are required in order to confirm as a modelindependent trend the correlations between pygmy strength and symmetry energy found in the present calculations. If established, measurements as the ones presented here would provide a precise tool to assess the isospin dependence of the nuclear equation of state. 
